The spin Hall effect (SHE) is found to be strong in heavy transition metals (HM), such as Ta and W, in their amorphous and/or high resistivity form. In this work, we show that by employing a Cu-Ta binary alloy as buffer layer in an amorphous Cu100-xTax-based magnetic heterostructure with perpendicular magnetic anisotropy (PMA), the SHE-induced damping-like spin-orbit torque (DL-SOT) efficiency DL  can be linearly tuned by adjusting the buffer layer resistivity. Currentinduced SOT switching can also be achieved in these Cu100-xTax-based magnetic heterostructures, and we find the switching behavior better explained by a SOT-assisted domain wall propagation picture. Through systematic studies on Cu100-xTax-based samples with various compositions, we determine the lower bound of spin Hall conductivity   4 1 1 2.02 10 / 2 m SH e       in the Tarich regime. Based on the idea of resistivity tuning, we further demonstrate that DL  can be enhanced from 0.087 for pure Ta to 0.152 by employing a resistive TaN buffer layer.  Email: cfpai@ntu.edu.tw 2 The spin Hall effects (SHE) [1-3] in heavy transition metals (HM) are known to be strong enough to generate sizable pure spin currents from charge currents for SHE-induced spin-orbit torque (SOT) switching [4,5], magnetic oscillations [6,7], as well as chiral domain wall motion [8,9] on the adjacent ferromagnetic (FM) layers. The phenomenology of the SHE-generated transverse spin current (density) s J in a HM/FM heterostructure can be described by   HM|FM HM HM int /2 s SH e J e T J   , where HM SH  and HM e J represent the spin Hall ratio of HM layer and the longitudinal charge current density therein, respectively. HM|FM int T is the spin transparency at the HM|FM interface [10], which takes any possible spin backflow [11] and/or spin memory loss [12] at the interface into account ( HM|FM int
  [13] . Among all HMs, 5d transition metals such as Pt [14] , β-Ta [5] , and β-W [15] related magnetic heterostructures are found to have giant DL torque efficiencies ( 0.10 0.30 DL   ) due to their strong intrinsic spin-orbit interactions. It has also been shown that 5d HM-related alloys and oxides can generate sizable SHE and even possess greater spin Hall ratios than pure HMs. For instance, Hf(Al)-doped Pt [16] , Au-doped Pt [17] , PtMn [18] , W-doped Au [19] , and WOx [20] all show larger spin Hall ratios or DL  while compare to their pure HM counterparts. Even by oxidizing or doping dopants into light transition metals such as Cu, the spin Hall ratio can be significantly enhanced [21, 22] . Apparently, engineering spin-Hall 3 source materials by alloying or oxidation can possibly give rise to a more efficient SOT control over the adjacent FM layers.
In this work, we show that it is possible to linearly tune the DL-SOT efficiency of a magnetic heterostructure by controlling the buffer layer (spin Hall material layer) resistivity. The spin Hall material that we employ is a Cu-Ta binary alloy system, in which the spin Hall ratio can be adjusted by changing the relative Cu100-xTax compositions. In Ta-rich regime ( 84 x  ), the alloy becomes amorphous and serves as a suitable HM buffer layer for generating perpendicular magnetic anisotropy (PMA) for the subsequently deposited FM layer. We first demonstrate current-induced SOT switching in these perpendicularly-magnetized Cu100-xTax/FM heterostructures to verify the existence of giant SHE. Next, we systematically characterize the DL-SOT efficiency DL  of these Cu100-xTax/FM heterostructures using the hysteresis loop shift measurements [23] . DL  is found to be linearly proportional to the Cu100-xTax alloy resistivity, which indicates an intrinsic mechanism and/or side-jump origin of the SHE, with a nearly constant spin Hall conductivity of We prepared our magnetic heterostructures in a high vacuum sputtering chamber with base pressure of ranges from 20 to 90, as shown in Fig. 1(a) . We annealed all our samples at 300 ℃ for one hour in vacuum to induce PMA of the CoFeB layer. The CoFeB(1.4) layer was sandwiched between a W(0.5) and a Hf(0.5) dusting layer since we found this combination beneficial for obtaining stable PMA for most cases, similar to previous reports [24] . The resitivity of the co-sputtered Cu100-xTax (4) layer was characterized by four-point measurements on unpatterned films. As shown in Fig. 1(b) , the resistivity of Cu100-xTax increases monotonically from 40 μΩ-cm to 240 μΩ-cm as we increase the Ta component from 10 at% to 90 at%, which is similar to the trend reported in previous studies [25] . There is also a slope change in the resistivity-to-composition plot at 70 x , which indicates a possible transition from poly-crystalline phase to amorphous phase while the alloy is 5 becoming Ta-rich.
The phase transition of Cu100-xTax suggested by the resistivity trend was further verified by the cross-sectional images from high-resolution transmission electron microscopy (HR-TEM), as shown in Fig. 2 (a) and (b). In the Cu-rich (Cu70Ta30) buffer layer, lattice fringes were largely observed but some domains are amorphous, as evidenced by the diffractograms in Fig. 2(a) . Hence, the Cu-rich (Cu70Ta30) buffer layer is mainly polycrystalline with partially-mixed amorphous domains. It should be noted that the spacings of lattice fringes all correspond to the plane spacings of Cu. In contrast, the Ta-rich (Cu10Ta90) buffer layer has only an amorphous phase as shown in is beneficial for obtaining PMA. However, note that for both heterostructures shown here, the MgO layer is not crystalline, which suggests that the crystallinity of oxide layer is not a necessary 6 condition for getting PMA [26] . device is shown in Fig. 3(b) . The steps observed during current-induced switching can be considered as the evidence of domain wall motion, therefore we believe that the DL-SOT switching observed here is governed by domain nucleation and SOT-assisted domain (wall) 7 expansion (propagation) [8, 23, 29] .
The results of systematic studies on transport and magnetic properties of Cu100-xTax/FM/MgO heterostructures as functions of Ta content are summarized in Fig. 4 . We first measured the resistance of Hall-bar devices to calculate the resistivity of buffer layer in its amorphous phase.
The contribution from the effective FM layer has been subtracted. As shown in Fig. 4(a) , the Cu100-xTax buffer layer resistivity is linearly proportional to the Ta concentration, which is consistent with the unpatterned film result (the amorphous side of Fig. 1(b) ). According to the theory of SHE, if the phenomenon is driven by intrinsic mechanism (or sidejump scattering) [1, 33] is not an uncommon trend for sputtered heavy transition metals in the moderately dirty (resistive) regime, as can be seen from the cases of Pt [13, 36] .
We summarize the (out-of-plane) coercive field 
However, this expression is only suitable for FM layer being single domain such that the switching behavior can be described by a macro-spin model. In most experimental cases, the samples prepared are micron-sized and the magnetization switching process is dominated by domain nucleation and domain wall propagation [23, 29, 38] . Therefore, in our case, the critical switching current density should be expressed as
in which the coercive field (or the depinning field) Fig. 4(b) and (c) and plot the results alongside with the experimentally determined c J in Fig. 4(d) . Though In contrast to the Cu-Ta alloy case, in which the buffer layer resistivity is lower than that of pure Ta, we further engineered the buffer layer by nitrogen-doping to see the effects on resistivity enhancement. TaN buffer layer was prepared by reactive sputtering, i.e., flowing both Ar and N2 gas into the sputter chamber during Ta deposition [39, 40] . By adjusting the N2 flow rate from 0 to 3 sccm (low doping regime) with the Ar flow rate fixed at 30 sccm, we observed a clear quasilinear resistivity enhancement of the deposited buffer layer, as shown in Fig. 5(a) . Note that beyond N2 flow rate of 3 sccm (high doping regime), the resistivity of TaN has become 3000μΩ-cm  , 11 much greater than the resistivity of effective FM layer such that most of the applied charge current will be flowing in the FM layer instead of the spin-Hall buffer layer. The same characterization process was performed on TaN/FM/MgO Hall-bar devices and the DL-SOT efficiency DL  as a function of buffer layer resistivity are summarized in Fig. 5(b   by introducing N2 into Ta in the low doping regime. Our work therefore provides valuable information on the engineering of magnetic heterostructure, especially the spin-Hall buffer layer, to achieve more efficient current-induced SOT switching. 
